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August 30, 2004 

/ 

Edward P. Gamson, Esq.' 
Welsh &KatzfEtd. 
120 South Riverside Plaza 
22 nd Floor 
Chicago, IL 60606 

Re: U.S. Patent Application No. 09/93 1 ,325, entitled Malaria Immunogen and Vaccine, and U. S. 
Patent Application No. 09/930,915, entitled Immunogenic HBc Chimer Particles Having 
Enhanced Stability 

Dear Mr. Gamson: 

This letter is to inform you that I have significantly contributed to the conception and reduction to 
practice of the inventions described and claimed in U.S. Patent Application No. 09/931,325 (the '325 
application) and U.S. Patent Application No. 09/930,915 (the "915 application) and will take all actions legally 
available to protect my rights. 

By this letter, you are placed on notice that the '915 and '325 applications are defective for not only 
failing to list me as an inventor but also for failing to indicate the government's interest in the applications. 
Equally as important to the patentability of these applications is the fact that a seminal and very material 
reference concerning the stabilization of the chimeric particles, a reference that Ashley Birkett was aware of 
because it was referenced in a draft manuscript which I sent to Ashley Birkett in May of 2001, has not been 
submitted to the United States Patent Office. In light of these deficiencies, I strongly urge you to withdraw the 
'325 application from issue, submit the prior art reference in both the '915 and '325 applications, amend both 
applications to indicate the government's interest, and add me as an inventor to both the '325 and '915 
applications. Finally, I regard the opinion letter of July 14, 2004 by Mr. Cepuritis as factually incorrect and 
compromised by his conflict of interest and his failure to address the pertinent fact that I was listed as an 
inventor on U.S. Provisional application No. 60/225,813, which is the basis for priority of the '325 application. 
Each of these issues is discussed below in greater detail. 

Failure to Disclose Material Prior Art 

Ashley Birkett was certainly aware of the enclosed prior art reference: "Chang et al., Phenotypic mixing 
between different hepadnavirus nucleocapsid protein reveals C protein dimerization to be cis preferential , J. 
Virol 1994, 68(8), 5225-31." In fact, this reference is cited in my Vaccine paper (Milich et al., Vaccine 20:771- 
788 (2001), citation no. 45). This reference is material to claims that concern cysteine stabilization of chimeric 
particles containing inserts in the loop region. Although Ashley Birkett and Apovia may prefer not to disclose 
this reference, I wanted to make sure you were aware of it. To preserve the enforceability of any resulting 
patent, I, as a co-inventor of the claimed inventions strongly urge you to withdraw the '325 application from 
issue, file a Request for Continued Examination, and submit the Chang et al. reference for review by the Patent 
Office. I also strongly urge you to submit the Chang et al. reference in the '915 application before prosecution 
continues further. 



Failure to Disclose Government Interest 



j ^ The patent law also requires that any government interest in a patent application based on a funding 
contract must be disclosed in the patent application. Both Ashley Birkett and I received NIH grant money to 
conduct the research and development that lead to the inventions claimed in the '915 and '325 applications. 
{NIH grant Nos. Rol AI 33562 (DM), ROl AI 20720 (DM), R43 AI 43830 (SBIR, AS.)), 

I have noted that neither application discloses that the government has any interest to the claimed 
invention. In fact, on the cover sheets for the provisional applications, which form the basis for priority in the 
4 91 5 and '325 applications, it is clearly indicated that the United States Government has no interest in the 
applications. This is incorrect and, now that you are placed on notice of these mistakes, appropriate corrective 
measures must be taken. To avoid any impact on enforceability or other adverse consequences, I, as a co- 
inventor, strongly urge you to amend the '915 application to reflect the government's interest and to withdraw 
the '325 application from issue so as to amend the application to indicate that the government has an interest in 
the subject application. 

Opinion Letter on the Inventorship and Contribution to the Invention 

I reviewed the opinion letter of July 14, 2004 by Talivaldis Cepuritis of Olson & Hierl, Ltd., which 
concludes that "[a]bsent any documentation or testimony that would establish, at least by a preponderance of 
evidence, Dr. Milich's purported contribution to the conception of the invention as defined by the claims in the 
subject applications, and an independent corroboration thereof, his status as a co-inventor cannot be justified." I 
strongly disagree with the opinion of Mr. Cepuritis for the following reasons. 

First and foremost, the opinion is based on factual mistakes and omissions. Mr. Cepuritis states that 
copies of the test data and other documents made available are undated and that there is no indication as to who 
performed the assays. This is incorrect. The inventions claimed in the '915 and '325 applications are the 
products of simultaneous conception and reduction to practice. These inventions are the product of 
approximately four years of work collaborative with Ashley Birkett and involved continual optimization and 
design of the chimeric particles based on and resulting from my analysis of the immunological data produced in 
my laboratory. The data produced in my laboratory, which was provided to Mr. Cepuritis, are in fact dated and 
my contributions to the conception and reduction to practice of the claimed invention can be corroborated by 
numerous individuals including, but not limited to, Dr. Ruth Nussezwig, Dr. Victor Nussenzwig, Dr. Florian 
Schodel, Jan Hughes, Joyce Jones, Dr. Henry Barnes, Steve DeGraw, Dr. Darrell Peterson, Dr. Lee Hall, Dr. 
Regina Rabinovitch, Katie Lyons, Dr. Jay Haron, Dr. Tom Phillips, Dr. Jean-Noel Billaud, and Dr. Matti 
Sallberg. 

Secondly, Mr. Cepuritis was selected by yourself and retained by Apovia. Mr. Cepuritis stated, and 
repeated at the request of Maha Harndan, at the March 15, 2004 Scripps meeting that he represents both Apovia 
and Scripps in this matter. Because Scripps patent rights exist only if I am an inventor and Apovia contends that 
I am not an inventor, it would appear that representation of both parties by Mr. Cepuritis is a conflict of interest. 

Thirdly, I acknowledge the possibility that the letter was created to allow Apovia to argue with "good 
faith" that I have no interest in the '325 application so as to maintain common ownership of the patents that are 
to be issued from U.S. Patent Applications Nos. 09/930,915, 09/931,325, 10/080299 and 10/082014. Faced 
with a provisional obviousness-type double patenting rejection in U.S. Patent Application No. 09/930,915, you 
filed a Terminal Disclaimer, which in effect is an admission that the claimed subject matter in U.S. Patent 
Applications Nos. 09/930,915, 09/931,325, 10/080299 and 10/082014 overlap. It has been brought to my 
attention that all of the patents that issue from these applications must have common ownership so as to be 
enforceable under the terms of the Terminal Disclaimer. I can appreciate the concern that adding me as an 
inventor would resurrect the obviousness-type double patenting rejection and would cast uncertainty on 
Apovia' s patent portfolio in general. 



I also note that the issue fee for U.S. Patent App. No. 09/93 1,325 was paid on July 8, 2004, which was 



^ six (6) days BEFORE the opinion letter, was mailed. This raises the question of whether the decision to leave 
nie-off as an inventor Was made well before Mr. Cepuritis had prepared his opinion letter. 

One significant omission from Mr. Cepuritis' opinion is the fact that I was originally named as an 
inventor on U.S. Provisional Application No. 60/225,813, which is the basis for priority of the '325 application. 
Mr. Cepuritis makes no mention of this key fact. To make matters worse, the originally filed claims of the '325 
application are exactly the same as those of the provisional application. It now seems that it is Apovia that has 
the burden to establish as to why my name was dropped from the '325 application rather than how I can 
establish or corroborate inventorship. 

I have contributed to the conception and reduction to practice of the claimed invention of the '325 and 
'915 applications as chronicled in the letters sent to Mr. Cepuritis dated April 4, 2003, June 19, 2003; March 21, 
2004 and at the Scripps meeting of March 15, 2004. I have proven this with ample evidence and it is now clear 
that at least when U.S. Provisional Application No. 60/225,813 was filed you believed the same. I am hopeful 
that the current decision not to name me as an inventor on the '915 and '325 applications is not simply to 
maintain common ownership of U.S. Patent Applications Nos. 09/930,915, 09/931,325, 10/080299 and 
10/082014. 

Continuation Application and Interference 

To protect my interest as a co-inventor, I have filed a Continuation Application in the U.S. Patent and 
Trademark Office, which claims priority to the '325 application and U.S. Provisional Application No. 
60/225,813. The new application names Ashley Birkett and myself as co-inventors. I have filed the application 
unassigned and without a fee but will complete the filing and provoke an interference between the patent and 
this new application should a patent issue from the '325 application without listing me as an inventor. 



If you have any questions or comments, please call me. 



Cc: Talivaldis Cepuritis Esq. 
Dr. Maha Hamdan Esq. 

Dr. Tom Northrup Esq., Chief Patent Counsel Scripps Research Institute 
Dr. Thomas Fitting Esq., Office of Patent Counsel 
Examiner Zachariah Lucas 
Supervisory Examiner James Housel 
Dr. Martin Steiner 



Sincerely, 




David R. Milich Ph.D., President 
Vaccine Research Institute of San Diego 
3030 Bunker Hill St., Suite 300 
San Diego, CA 92109 
(858)581-3960 ex. 226 
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Phenotypic Mixing between Different Hepadnavirus Nucleoeapsid 
Proteins Reveals C Protein Dimerization To Be cis Preferential 
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Department^Biochemistry and Biophysics, 1 Hormone Research Institute, 2 and Departments of Microbiology and 
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Hepadnaviruses encode a single core (C) protein which assembles into a nucleoeapsid containing the 
polymerase (P) protein and pregenomic RNA during viral replication in hepatocytes. We examined the ability 
of heterologous hepadnavirus C proteins to cross-oligomerize. Using a two-hybrid assay in HepG2 cells, we 
observed cross-oUgomerization among the core proteins from hepatitis B virus (HBV), woodchuck hepatitis 
virus, and ground squirrel hepatitis virus. When expressed in Xenopus oocytes, in which hepadnavirus C 
proteins form capsids, the C polypeptides from woodchuck hepatitis virus and ground squirrel hepatitis virus, 
but not duck hepatitis B vims, can efficiently coassemble with an epitope-tagged HBV core polypeptide to form 
mixed capsids. However, when two different core mRNAs are coexpressed in oocytes the core monomers show 
a strong preference for forming homodimers rather than heterodiraers. This holds true even for compression 
of fcvo HBV C proteins differing only by an epitope tag, suggesting that core monomers are not free to diffuse 
and associate with other monomers. Thus, mixed capsids result from aggregation of different species of 
homodimers. 



The core (C) protein of hepatitis B virus (HBV) plays a 
major role in viral morphogenesis. Core polypeptides, the 
polymerase (P), and the pregenomic RNA assemble to form 
the nucleoeapsid during viral replication in hepatocytes. The 
nucleoeapsid, in turn, interacts with internal cellular mem- 
branes that contain HBV envelope glycoproteins to produce 
enveloped virions. Several laboratories have demonstrated that 
core protein expressed in the absence of all other viral 
products can spontaneously assemble into capsid particles in 
hosts as divergent as bacteria (3, 6), the yeast Saccharomyces 
cerevisiae (13), insect cells (2), or Xenopus oocytes (21). 
Nevertheless, the pathway for capsid assembly remains incom- 
pletely understood. Zhou and Standring (20, 21) have shown 
that in the Xenopus oocyte system, unassembled core protein 
exists in a dimer pool that serves as a precursor to capsids. 
Electron microscopy and velocity sedimentation studies have 
failed to detect in vivo higher-order multimer intermediates 
often seen in the assembly of other animal virus capsids (20). 

Efforts to identity regions of the 185-amino-acid (aa) C 
protein that are critical for capsid formation have focused 
primarily on the arginine-rich C-terminal tail (2, 3), In various 
heterologous systems expressing core protein, deletions con- 
taming the N-terminal 144 aa produce stable capsids, demon- 
strating that the Arg-rich tail is not necessary for capsid 
assembly (2, 3). Moreover, assembly is tolerant of heterologous 
sequences placed at the N terminus, at the C terminus, and 
within an immunodominant loop of core protein (4, 5, 16). 
However, C-terminal truncations resulting in C proteins 
shorter than 144 residues abrogate core particle assembly. 

To further characterize C-C interactions involved in capsid 
assembly, we examined the ability of mammalian and avian 
hepadnavirus C proteins to interact with each other. We used 
both expression in Xenopus oocytes and a mammalian cell- 
based two-hybrid system. The two-hybrid strategy originally 
developed by Fields and Song (9) to detect protein-protein 
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interactions relies on the modular nature of the yeast GALA 
DNA-binding and transactivation domains. Fearon and col- 
leagues modified this system to study interactions in mamma- 
lian cells by using the herpes simplex virus VP16 transactiva- 
tion domain (8). Luban et al. have applied this strategy to 
detect multimerization of Gag polyprotein from both human 
immunodeficiency virus (HIV) and Moloney murine leukemia 
virus (MuLV) (11). 

In this communication, we report that HBV core proteins 
(HBV-C) fused to GAL4 and VP16 domains interact in the 
two-hybrid assay and that this interaction behaves as predicted 
from in vivo studies of capsid formation. Using this two-hybrid 
assay, we demonstrate cross-oligomerization among the core 
proteins from HBV, woodchuck hepatitis virus (WHV), and 
ground squirrel hepatitis virus (GSHV). Consistent with this 
finding, when expressed in Xenopus oocytes, the C proteins 
from WHV and GSHV, but not duck hepatitis B virus 
(DHBV), efficientfy coassemble with HBV C protein to form 
mixed capsids. Surprisingly, however, when two different C 
protein mRNAs are translated in the oocyte, the C polypep- 
tides show a marked preference for forming homodimers 
rather than heterodimers; thus, mixed capsids are aggregates 
of different species of homodimers. 

MATERIALS AND METHODS 

Materials. Restriction eiuymes were purchased from New 
England Biolabs and used as specified by the manufacturer. 
Radionucleotides were purchased from Amersham Corp. or 
New England Nuclear. Monoclonal antibody (MAb) 18/7, the 
MAb directed against the L epitope, was kindry provided by 
Volker Bruss and Wolfram Gerlich. The rabbit polyclonal 
anti-HBV-C-antibody was purchased from Dako Corp. Anti- 
DHBV-C was kindly provided by Jesse Summers. 

Plasmids and RNAs. All HBV nucleotide positions are 
numbered from the unique BcoBl site of HBV subtype adwl 
Core fusion proteins with GAL4 or VP16 were made by 
subcloning appropriate restriction or PCR-amplified frag- 
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ments into the expression vectors pGALO and pNLVP16, 
which, along with the reporter plasmid pGSElbCAT, were 
described earlier (8) and kindiy provided by Eric Fearon. In 
brief, pGALO encodes the DNA-binding domain of GAL4, 
extending from aa 1 to 147, followed by polylinker sequence. 
pNLVP16 contains aa 411 to 455 of the HSV VP16 transacti- 
vation domain followed by polylinker sequence. Full-length 
HBV, WHV, and GSHV core fusions were made by subcloning 
a 581-bp Styl fragment into the polylinker of pGALO and 
pNLVP16 to create an in-frame fusion with the C terminus of 
the GAL4 or VP16 domain. C-terrninal truncations HBcl-144 
and HBcl-117 were engineered by deleting sequence from 
BspBl and Sspl t respectively, to the polylinker; HBc29-168 was 
constructed by inserting a 445-bp Bglll fragment into the 
pGAL4 polylinker, HBc38-183 was constructed by inserting a 
449-bp Taql-Styl fragment into the pNLVP16 polylinker. 

To create SP6 expression vectors, the fragments spanning 
the core open reading frames of WHV, GSHV, and DHBV 
were generated by PCR amplification so as to include an Ncol 
site at the 5' end and a BstEll site at the 3' end. These 
fragments were cloned into the Ncol and BstEll sites of a 
derivative of pSP64T. This strategy puts the core sequences 
between the translation-enhancing 5' and 3' untranslated 
region sequences of the p-globin gene. Plasmids pSP64T-C 
and M57 are described in detail elsewhere (19). Briefly, 
pSP64T-C contains the 581-bp Styl fragment from HBV adw2 
(nucleotides 1880 to 2461) cloned into the Bglll site of pSP64T. 
A157 encodes a core deletion containing the first 157 aa fused 
in frame to the last two residues of core protein. The L epitope 
tag has been previously described (14b). We modified the 
original L epitope sequence with a silent base change that 
would introduce a BamHl site: 5'GATCATCAGTTGGATC 
CTGCATTCGGAGCCAACTCA 3'. The L epitope in A157L 
and HBV-CL is bordered by core residues 78 and 80, deleting 
residue 79, in the immunodominant loop of core. It was 
introduced into this site by ligation at the BamHl site of the 
two PCR-amplified halves of the core open reading frame 
flanking the L epitope. SP6 expression constructs were verified 
by sequence analysis. 

In vitro transcription. Synthetic transcripts were prepared 
by using SP6 polymerase (Promega). Transcription reaction 
mixtures were treated with DNase, phenol extracted, ethanol 
precipitated, resuspended into H 2 0, and stored at -70°C until 
required for microinjection. 

Transfcctions. HepG2 cells were grown on 100-mm-diame- 
ter dishes in DMEH-16 medium supplemented with 10% fetal 
bovine serum (Gibco), 0.14% sodium bicarbonate, and 2 mM 
glutamine. HepG2 cells were transfected with 5 jig of each of 
the GAL4 and VP16 fusion constructs and the chloramphen- 
icol acetyltransferase (CAT) reporter plasmid by the calcium 
phosphate coprecipitation procedure as described previously 

CAT activity assays. Cell extracts for CAT activity were 
prepared by freeze-thaw lysis of cells 48 h posttransfection. 
CAT activity was determined in extracts by a phase separation 
procedure. In brief, 5 u.1 of cell extract was incubated in a 
100-ul volume containing 250 mM Tris-HCl (pH 8.0), 0.5 mM 
n-butyryl coenzyme A (Sigma), and 0.2 |xCi of [ 14 C]chloram- 
phenicol (58.i mCi/mmol) for 15 to 60 min at 37°C Phase 
extraction was performed with an equal volume of 2:1 hexane- 
xylene mix, and levels of rt-butyrylated chloramphenicol were 
determined by liquid scintillation counting. CAT activity is 
reported as fold increase relative to CAT activity resulting 
from transfection of the reporter CAT plasmid alone. 

Oocyte handling and microinjection. Oocytes were cultured 
at 17°C in modified Barth's medium containing antibiotics 



(MBSH) by standard procedures (21). Batches of 10 to 20 
oocytes per experiment were injected as described previously , 
(18) by using a programmable microinjection device (Sutter 
Instruments, Novato, Calif.) to control delivery of RNA (40 nl • 
per oocyte). For experiments involving analysis of assembled 
capsids, metabolic labeling was initiated within 1 h of injection ■' 
by placing the oocytes in MBSH containing 0.5 to 1.0 mCi of 
[^Sjmethionine and [ 35 S]cysteine (Expresslabel; NEN) per ml 
and incubating them for a further 35 to 40 h at 17°C For 
analysis of the intermediates in capsid assembly, the oocytes 
were labeled 24 h after injection for approximately 20 h, 
Lysates were prepared by homogenizing the oocytes in buffer 
(~20 u-1 per oocyte) containing 50 mM Tris-HCl (pH 7.5), 1% 
Nonidet P-40, 100 mM NaCl, and 10 mM EDTA Lysates were 
then clarified (Eppendorf centrifuge, 15,000 X g, 10 min) 
before fractionation. 

Sucrose gradient fractionation. Oocyte lysates were layered * 
onto either 10 to 60% (wt/vol) or 3 to 25% sucrose gradients ; 
(20, 21). For 10 to 60% gradients, 200 ui of lysate was layered 
onto step gradients (1.4 ml, final volume) with six 200-u,l steps 
of 10, 20, 30, 40, 50, and 60% sucrose in 50 mM Tris-HCl (pH 
7.5H 00 mM NaCl-1 mM EDTA (TNE) and centrifuged for 
40 min at 4°C and 55,000 rpm in a TLS-55 swinging-bucket 
rotor on a TL-100 ultracentrifuge. Gradients of 3 to 25% 
sucrose were formed by layering 200-ui steps of 3, 5, 10, 15, 20, 
and 25% sucrose in TNE, immediately loaded with 200 jjlI of 
lysate, and spun at 55,000 rpm for 4 h as described above. For 
both sucrose gradients, 14 100-u>l fractions were collected from 
the top of the gradient and analyzed by immunoprecipitation 
and sodium dodecyl sulfate (SDS)-polyacrylamide gel electro- 
phoresis (PAGE). 

Imraunoprecipitations and SDS-PAGE. 35 S-labeled core 
proteins were immunoprecipitated from «30 p.1 of each gra- 
dient fraction under native conditions, i.e., without SDS or 
boiling, with either a polyclonal anticore antibody (Dako) or 
the anti-L MAb 18/7 (15). Immune complexes were collected 
with Zysorbin (Zymed); after washing, the pellet was resus : 
pended in sample buffer, and core protein was released by 7 
boiling for 10 min and analyzed on 13.5% polyacrylamide gels. 

RESULTS 1 

HBV core protein oltgomerization. In order to use the 
two-hybrid system to characterize heterologous C-C protein' 
interactions in replication-permissive HepG2 cells, we first 
demonstrated that we could detect homo-bligomerization of 
full-length HBV C polypeptides in this system arid that the 
system faithfully reproduces the known aspects of C-C oli- 
gomerization. ..:cf 

HepG2 cells were cotransfected with plasmids expressing 
HBV C protein fused to the GAL4 DNA-binding domain 
(GAL-core) and to the VP16 transactivation domain (VP% 
core), in the presence of a CAT reporter gene bearing five 
GAL4 DNA-binding sites. If C-C oligomerization occurs,, then 
the VP16 activation domain will be targeted to the DI$& 
region 5' of CAT and will activate CAT expression. Table- 
summarizes the results of CAT assays performed following 
these cotransfections. When the GAL4-core fusion was coexr 
pressed with the VP16 activation domain alone, no increase. 
CAT activity occurred. Similarly, the VP16-core fusion did no 
associate with the GAM DNA binding domain to boost CA! 
expression. These controls indicate that HBV core does.iV 
associate with either the GAM or VP16 domain; furmermp^ 
core by itself has no transactivating potential, nor can it bind * 
and activate the test promoter when it is fused to VP16. As. 
positive control, we showed that the a and p subunits of 
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TABLE i. Full-length HBV core protein oligomerizes 0 



GAL4 fusion VP16 fusion Relative CAT 
activity 



HBc None 1 

None HBc \ 

CapZp25 CapZa49 40 

CapZ 025 HBc tS 

HBc HBc 40 



a HcpG2 celts were transfecled with three plasmids: a fusion construct 
encoding the GAL4 DNA-brading domain and a downstream protein domain of 
interest; a second fusion construct encoding the VP16 ttansactivation domain 
and a downstream protein domain of interest; and a CAT reporter gene with five 
upstream GAM DNA-binding sites. The test protein domains fused to the 
GAL4 or VP 16 domains are indicated. "None" indicates that the fusion 
construct encodes either the GAM or VP16 domain alone, without a down- 
stream domain. CAT expression levels are reported as fold increase relative to 
CAT activity resulting from transfection of the CAT reporter plasmid alone, 
HBc, HBV core antigen; CapZ» actin-capping protein. 



actin-capping protein CapZ, which are known to form an a-0 
dimer, associated to increase CAT activity 40-fold above 
background levels, as shown previously (8). When GAL4-core 
and VP16-core clones were coexpressed, CAT gene expression 
likewise increased 40-fold. This result demonstrates that HBV 
core polypeptides can associate efficiently in the two-hybrid 
assay, thus enabling VP16 to transactivate the CAT reporter. 
The C-C interaction was specific, as shown by a lack of CAT 
activation when the core fusion was coexpressed with the CapZ 
fusion protein. 

With this assay, we then evaluated the effect of truncations 
at the carboxy terminus of C on its ability to associate with the 
full-length core. As summarized in Table 2, GAL4 fused to the 
first 144 aa of core and without its 41-aa arginine-rich tail was 
nonetheless able to complex with the full-length VP16-core 
fusion as efficiently as the full-length GAL4-core. However, 
when we engineered a 68-aa deletion from the C terminus, this 
truncated core fusion failed to interact with full-length VP16- 
core fusion to activate CAT expression. This behavior closely 
parallels the known behavior of similar deletions in C when 
assayed by capsid formation in bacteria or cultured hepato- 
cytes (3, 14). 

Unlike the case for C-terminal deletions, the effect of 
N-terminai deletions on C-C association has not been re- 
ported We engineered a pair of deletions and tested their 
interactions with full-length core. A GAL4-core fusion lacking 
the first 28 residues (and the C-terminal 15 residues) failed to 
oligomerize with core, as did a VP16-core fusion missing the 
first 37 aa from core. However, these data do not prove that 
these N-terminal residues participate in core-core interactions 
(either directly or indirectly); we cannot exclude that their 
absence might have merely disrupted the folding or stability of 
the fusion proteins used in this assay. 



TABLE 2. C-terminal and N-terminal deletions in HBV 
core protein 0 



GAL4 fusion VP 16 fusion Relative CAT 
activity 



HBc HBc 22 

HBcl-144 HBc 23 

HBc 14 17 HBc 1 

HBc29-168 HBc 1 

HBc HBc38-183 1 



• Sec the footnote to Table 1 for details. 
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TABLE 3. Interactions among mammalian HBV core proteins' 



GAL4 fusion 


VP16 fusion 


Relative CAT 
activity 


HBc 


HBc 


23 


WHc 


WHc 


18 


GSHc 


GSHc 


1 


WHc 


HBc 


72 


HBc 


WHc 


5 


GSHc 


HBc 


20 


HBc 


GSHc 


1 


GSHc 


WHc 


5 


WHc 


GSHc 


1 



* See the footnote to Table 1 for details. HBc, WHc, and GSHc designate core 
antigens from HBV, WHC, and GSHV. respectively. 



Interactions among mammalian HBV core proteins. We 

next used this system to determine whether core proteins from 
the different mammalian hepadnaviruses could hetero-oli- 
gomerize. The mammalian C proteins display significant amino 
acid sequence conservation. HBV-C and WHV-C differ in 46 
residues; WHV-C and GSHV-C have diverged only slightly 
and differ in just 11 residues (17). Failure of the different 
mammalian C proteins to associate would imply that amino 
acids critical for core-core interaction have not been conserved 
among the viruses, whereas hetero-oligomerization would in- 
dicate that the nonconserved residues are not essential for this 
process. 

We constructed both GAL4 and VP16 fusion proteins with. 
WHV or GSHV C proteins. The results of the two-hybrid 
assays are shown in Table 3. Like the HBV fusions, the WHV 
constructs homo-oligomerized and activated CAT gene expres- 
sion. However, the assay failed to detect homo-oligomerization 
between the GSHV-C fusions. Interestingly, WHV-C fusions 
could hetero-oligomerize with their HBV counterparts. For 
the GSHV-C constructs, only the GAL4-GSHV-C fusion was 
able to hetero-oligomerize with both its HBV-C and WHV-C 
partners and activate CAT expression. This observation 
strongly argues that the reason for the failure to detect 
GSHV-C homo-oligomerization in this assay is that the VP16- 
GSHV core fusion is either unstable or improperly folded All 
attempts to detect DHBV-C homo-oligomerization failed, 
again most likely because of improper folding or instability of 
the fusion proteins. 

Assembly of an epi tope-tagged HBV core protein in Xenopus 
oocytes* Our results with the two-hybrid assay indicate that 
hetero-oligomers can form between C proteins of different 
species but do not establish that such mixed oligomers can 
proceed to capsid formation. To do this, we coexpressed 
different core proteins in Xenopus oocytes and assayed for 
mixed capsids by sucrose gradient purification and iromuno- 
precipitation. For this approach to show mixed capsids, anti- 
sera that selectively recognize at least one of the individual C 
proteins must be available. In preliminary experiments, how- 
ever, we found that WHV-C and GSHV-C are efficiently 
recognized by the polyclonal anti-HBV core antibody (Fig. 1, 
lanes 4 to 6). Therefore, we constructed a vector expressing an 
epitope-tagged, truncated HBV-C to serve as the HBV partner 
in coexpression studies; this protein can be distinguished by 
both its size and its reactivity with antibodies to the tag. A157 
is a truncated HBV-C comprising the first 157 residues fused to 
the last 2 residues of HBV-C and assembles into capsids as 
efficiently as the full-length core. The 12-aa L epitope tag is 
from the pre-Sl region of the HBV large surface antigen and 
was inserted into full-length HBV-C (to generate HBV-CL) 
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F1G. I. Analysis of cross-reactivity with the anti-L MAb (aL) and 
the anti-HBV-C polyclonal antibody (<*HBV-C). Lysates from 55 S- 
labeled Xenopus oocytes injected with the appropriate mRNA were 
resolved on step gradients of 10 to 60% sucrose. Fractions containing 
assembled capsids were combined and imrnunoprecipitated under 
nondenaturing conditions with the appropriate antibody and analyzed 
by SDS-PAGE on a 13-5% gel. The positions of prestatned molecular 
mass markers are indicated in kilodaltons at the left. 



and into A157 (generating M57L) between residues 78 and 80, 
in a predicted surface loop of the core protein that has 
previously been shown to be tolerant of insertions (4). To 
confirm that L epitope-tagged HBV C proteins could be 
specifically recognized by an anti-L MAb, we expressed 
HBV-CL (and, as controls, the wild-type C proteins of GSHV 
and WHV) in oocytes and examined their reactivities with the 
anti-L MAb 18/7 by immunoprecipitation. As shown in Fig. 1 
(lanes 1 to 3), only HBV-CL was precipitable with this 
antibody. 

To confirm that A157L can assemble into capsids that 
contain exposed L epitopes on their surface, we expressed this 
construct in Xenopus oocytes and fractionated the oocyte 
extracts on a step gradient of 10 to 60% sucrose; 14 fractions 
were collected from the gradient and analyzed by immunopre- 
cipitation followed by SDS-PAGE, autoradiography, and 
Phosporlmager quantitation. Similar experiments were also 
performed with oocytes programmed to express HBV-CL and 
DHBV-C. The gradient profile of A157L (Fig. 2B) clearly 
shows a capsid peak (fractions 7 to 12) that closely mirrors the 
profile produced by HBV-CL and DHBV-C (Fig. 2 and 
references 20 and 21), indicating that A157L indeed retains 
assembly competence. Immunoprecipitation under native con- 
ditions with anti-L verified that the epitope was exposed on the 
particle surface; core particles lacking the tag were not precip- 
itated under these conditions (data not shown). Similar gradi- 
ent profiles of WHV-C and GSHV-C (data not shown) confirm 
that they also assemble efficiently into capsids in Xenopus 
oocytes. 

Mammalian hepadnavinis cores form mixed capsids. We 
next determined whether hybrid capsid particles composed of 
C polypeptides from different hepadnavims^s could be assem- 
bled in Xenopus oocytes. mRNA encoding A157L was coin- 
jected into oocytes along with equal quantities of either 
WHV-C, GSHV-C, or DHBV-C transcripts. 35 S-labeled ly- 
sates were fractionated on 10 to 60% sucrose gradients into 14 
fractions. Fractions 8 to 12, representing assembled capsids, 
were combined and imrnunoprecipitated with either anti-L 
MAb 18/7, an anti-HBV-C antibody, or an anti-DHBV-C 
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FIG. 2. Assembly of a tagged and truncated HBV core protein in 
Xenopus oocytes. (A) Lysates from ^S-labeled Xenopus oocytes in- 
jected with mRNA encoding HBV-C, DHBV-C, or M57L were 
combined and resolved on step gradients of 10 to 60% sucrose. 
Fourteen fractions were collected from the top of each gradient and 
analyzed by immunoprecipitation under nondenaturing conditions 
with polyclonal anti-HBV*C and anti-DHBV-C antibodies followed by 
SDS-PAGE on a 13.5% gel. The gradient fractions are shown in order 
from the top fraction at the left (fraction 1) to the bottom fraction at 
the right (fraction 14). The positions of the DHBV-C, HBV-C, and 
A157L species are indicated at the right. Sizes in kilodaltons are shown 
at the left. (B) Phosphorlmager quantitation of M S signal intensity in 
each fraction for the indicated core polypeptide band in the gel shown 
in panel A. • 



antibody. The labeled proteins were analyzed by SDS-PAGE 
(Fig. 3A). Immunoprecipitation with anti-L clearly demon- 
strated that A157L core protein forms capsids with both 
WHV-C and GSHV-C (lanes 1 and 4). The ratio of WHV to 
HBV and GSHV to HBV chains in the anti-L precipitates 
(lanes 1 and 4) is similar to that in the anti-HBV-C precipitates 
(lanes 2 and 5) and to that in the total lysate fraction 
shown). In addition, the absolute amount of WHV or GSKV 
core chains precipitated by anti-L is comparable to .tftat 
precipitated by the broadly cross-reactive polyclonal aiM- 
HBV-C antibodies. Together, these observations indicate tjjf I 
most or all of the animal hepadnavinis C polypeptides in tlK&C 
fractions are incorporated into mixed capsids. • 
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FIG. 3. Composition of capsid particles assembled in Xenopus 
oocytes coinjected with mRNAs encoding core proteins from different 
nepadnaviruses. (A) Oocytes were coinjected with mRNAs encoding 
A157L and either WHV-C, GSHV-C, or DHBV-C M S-labeled lysatcs 
were resolved on step gradients of 10 to 60% sucrose. Fractions 8 to 12, 
containing assembled capsids, were combined and immunopredpi- 
tated under nondenaturing conditions with either an anti-L MAb (aL) 
or an anti-HBV-C (aH) or anti-DHBV-C (oD) polyclonal antibody. 
The labeled precipitate was analyzed by SDS-PAGE. The positions of 
the DHBV-C, WHV-C, GSHV-C, and A157L species are indicated at 
the right. Sizes are indicated in kilodaitons at the left (B) Analysis of 
mixed extracts. Oocytes were injected with a single transcript ^S- 
' Jbeled iysates were combined in the indicated pairings and subjected 
to sucrose gradient fractionation and immunoprecipitation as de- 
scribed for panel A. Sizes are indicated in kilodaitons at the left 



Analysis of coinjections of A157L with DHBV-C transcripts 
yielded very different results. Anti-L and anti-HBV-C, neither 
of which recognizes DHBV-C, immunoprccipitated only 
A157L (Fig. 3A, lanes 7 and 8); similarly, anti-DHBV-C 
" itibody immunoprecipitated only DHBV-C (lane 9). This 
result shows that unlike the WHV and GSHV core proteins, 
DHBV-C and HBV-C cannot coassemble; when co expressed, 
they yield separate homo-oligomeric capsid populations. This 
inability of mammalian and avian hepadnavirus cores to inter- 
act is not entirely unexpected given the significant divergence 
in their core protein sequences and their lack of immunologic 
cross-reactivity. 

To rule out the formal possibility that the results supporting 
mixed capsid formation are due to nonspecific aggregations of 
Querent homocapsids immunoprecipitated by anti-L, we per- 
formed a mixing experiment control (Fig. 3BY Oocytes were 
Ejected with either HBV-C (A157L), WHV-C, or GSHV-C 
of i Af S ° that 0nly nomo -° li gomcric capsids can form* Pairs 
onysates containing one tagged and one untagged C polypep- 
w species were then admixed and subjected to sucrose 
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FIG. 4. Composition of dimer intermediates assembled inXenoptds 
oocytes coinjected with mRNAs encoding core proteins from different 
nepadnaviruses. Fractions 1 to 5 from the experiment of Fig. 3A, 
containing core diraer intermediates, were analyzed by immunopre- 
cipitation exactly as described for the capsid fractions in the legend to 
Fig. 3. Designations are as for Fig. 3. 



gradient fractionation; capsid fractions were then immunopre- 
cipitated as described earlier. In contrast to the coinjection 
experiments, under these conditions L antibody was able to 
immunoprecipitate very little WHV-C and GSHV-C (lanes 1 
and 4) compared with anti-HBV-C immunoprecipitation 
(lanes 2 and 5). Not surprisingly, the mixing experiment 
involving DHBV capsids and HBV capsids likewise showed no 
interaction (lanes 7 to 9). These results indicate that onry a 
small percentage of the signal indicating mixed capsid forma- 
tion in the coinjection experiment is attributable to nonspecific 
interactions of homo-oligomeric capsids. 

Hepadnavirus core dimerization is cis preferential. In au- 
thentic capsid assembly, dimers are the initial intermediates in 
assembly. We next set out to determine whether heterodimers 
form during mixed capsid assembly in oocytes. To do this, we 
examined gradient-purified dimer intermediates fractionated 
from the coinjected oocytes described above. Immunoprecipi- 
tation with anti-L revealed that A157L dimerized primarily 
with itself and formed few heterodimers with either WHV-C or 
GSHV-C (Fig. 4, lanes 1 and 4 versus lanes 2 and 5). There are 
two possible explanations for this result: (i) monomer-mono- 
mer affinity differences arising from sequence divergence favor 
homodimer formation over heterodimer formation in trans, or 
(ii) the dimerization process operates preferentially in cb; i.e., 
it favors the association of monomers translated from the same 
mRNA. 

To distinguish between these two possibilities, we coinjected 
oocytes with SP6 transcripts encoding HBV-C and HBV-CL; 
here, the two proteins are identical except for the presence of 
the L epitope tag. Both proteins assemble into capsids with 
comparable efficiencies (data not shown). Coinjected Iysates 
were fractionated on 3 to 25% sucrose gradients into 14 
fractions. Each fraction was then immunoprecipitated with 
anti-L or anti-HBV-C and analyzed by SDS-PAGE. Under 
these sedimentation conditions, dimer intermediates sediment 
in fractions 3 to 10 and capsids pellet in fraction 14 (20)* 
Coprecipitation of both chains with anti-L in fraction 14 
confirms that mixed capsids form as expected (Fig. 5A), But 
precipitation of the dimer fractions with anti-L (Fig. 5A, lanes 
3 to 10) clearly demonstrated that HBV-CL forms dimers 
primarily with itself rather than with HBV-Q despite the 
presence of HBV-C in these fractions, as revealed by precipi- 
tation with anti-HBV-C (Fig. 5B). Thus, the mixed capsids 
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FIG, 5. Composition of dimer intermediates formed in Xenopus 
oocytes coexprcssing tagged and untagged HBV-C. Oocytes were 
coinjected with mRNAs encoding HBV-C and the Lnepitope tagged 
HBV-CL 35 S-labeled lysates were resolved on 3 to 25% sucrose step 
gradients. Each of the 14 fractions was immunoprecipitated under 
nondenaturing conditions with either an anti-L MAb (a-L; A) anti- 
HBV-C polyclonal antibody {a-HBV-Q B) and analyzed by SDS- 
PAGE. Note that dimer intermediates sediment in fractions 3 to 10, 
and capsids pellet at the bottom (fraction 14). Sizes are indicated in 
kilodaltons at the left 

assembled in the coinjected oocytes (Fig. 5, lanes 14) must be 
composed predominantly of homodimers of tagged and un- 
tagged C chains. 

Using a Phosphorlmager to quantitate the amount of 
HBV-C and HBV-CL produced, we estimate that approxi- 
mately 35% of dimers found in the coinjection experiment 
should have been heterodimers, assuming free and random 
association of HBV-C and HBV-CL monomers leading to a 
binomial distribution of dimer products. In fact, if we correct 
for antibody cross-reactivity and immunoprecipitation efficien- 
cies, our results show that heterodimers account for at most 
1% (and probably less) of the dimer pool. These findings 
indicate that C proteins display a marked cis preference for 
dimerization in the oocyte. Possible explanations for this will 
be considered below. 

DISCUSSION 

Sequence requirements for core-core interactions. We have 
used the two-hybrid system in a permissive human hepatoma 
cell line (HepG2) to characterize core protein interactions 
involved in HBV capsid assembly. We have shown that the 
full-length core protein fused downstream of the GAL4 or 
VP16 domain is able to associate with itself; this association, 
which normally occurs in the cytoplasm, must have stably 
persisted in the nucleus, where the host RNA polymerase II is 
located. 

Core fusions with a truncation of the C-terminal 41 aa also 
oligomerized with full-length cores, as predicted from in vivo 
capsid assembly experiments. A deletion that extended 68 aa 
upstream from the C terminus failed to interact; this result also 
agrees with findings from earlier assembly studies (2, 3). The 
effect of N-terminal deletions on core-core association has not 
been previously reported. We engineered core fusions lacking 
the first 28 and 37 residues from core; neither deletion 
construct oligomerized with the full-length core fusion. Unfor- 
tunately, one of the major limitations in using the two-hybrid 



assay is that only fusions that yield a positive CAT signal are 
informative. Fusions that fail to associate with core in this assay 
may indeed lack a domain critical for core interaction, or they 
may have simply folded into an improper conformation or be 
unstable. The fact that the full-length and the Arg tail-deficient 
core fusions were able to associate suggests that the GAL4 and 
VP16 domains are discrete structures that did not interfere 
with the folding of the C portion of the fusion. We favor the 
view that the assembly-defective deletions may have globally 
disrupted the secondary and tertiary structure of the core 
polypeptide. Although the core polypeptide structure has not 
been elucidated by crystallography, Agros and Fuller have 
proposed a structure based on modeling with the vp3 capsid 
protein of a picornavirus (1). Their sequence alignment anal- 
ysis suggests that the core protein will adopt an eight-stranded 
antiparallel p-barrel structure, with most of the Arg-rich tail 
located distaily. Both of the N-terminal deletions and the 68-aa 
C-terminal deletion would be predicted to remove at least two 
of the P strands and probably disrupt the secondary and 
tertiary structure important for intersubunit association. The 
structure of C protein may preclude the identification of a 
discrete contiguous domain that mediates core association: 
discontinuous residues critical to forming a contact surface 
during dimerization may be brought together only during the 
proper folding of the chain. 

Assembly of mixed capsids in the Xenopus oocyte. Coexpres- 
sion of A157L, a truncated and tagged HBV-C, with WHV-C 
or GSHV-C led to the assembly of mixed capsid particles. 
Coexpression of A157L and DHBV-C, which differs consider- 
ably in sequence and size from the mammalian cores, did no* 
lead to the formation of mixed capsids. Assembly of HBV-C 
into capsids in the oocyte proceeds without detectable assem 
bly intermediates other than dimers (20, 21); our coexpressior 
experiments with the animal viral cores also failed to reveal an} 
higher-molecular-weight assembly intermediates in hetero* 
oligomeric capsid formation. A number of explanations for thi: 
are possible. Most likely, such intermediates are extremelj 
transient as a result of the efficient and highly cooperative 
assembly of capsids from dimer building blocks (15, 20) 
alternatively, they may be unstable in cell extracts or ma: 
dissociate during centrifugation. 

Our results with the oocyte assembly system raise tin 
intriguing issue of whether mixed nucleocapsids can forn 
during hepadnavirus replication. Such a situation could occu 
in vivo for WHV and GSHV, sincfc both can replicate ii 
woodchuck hosts (14a). Hybrid nucleocapsids might affec 
several processes in the hepadnavirus life cycle. Cores ar 
intimately involved in RNA encapsidation, DNA synthesis, an* 
viral budding. How a mixed nucleocapsid would affect th 
specificity or efficiency of any one of these process remains fr 
be seen. There is little precedent for mixed nucleocapsi* 
formation in other viruses with icosahedral capsids. In retrc 
viruses, a recent report has demonstrated that mixed cor 
particles between MuLV and HTV type 1 can be made, p 
only when artificial chimeric Gag precursors containing bbt 
HIV and MuLV determinants are coexpressed with wiM-fyp 
MuLV Gag proteins (7). This finding suggests that boo* 
dimerization of the MuLV Gag proteins is the driving forcej* 
assembly, with the heterologous HIV sequences being incp. 1 
porated as a result. As yet there have been no reports of nn* 
capsid formation between wild-type Gag proteins. 

A cis preference in dimer formation. During the mi* 6 
capsid assembly reaction in Xenopus oocytes, the coexpresse 
core proteins formed primarily homodimers. Even wheW* 
coexpressed C polypeptides are identical except fot.Vg: 
epitope tag, homodimers still form preferentially. These rest* 1 
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indicate that core dimerization in the oocyte displays a strong 
cis preference. This suggests that core monomers are not free 
to diffuse and associate with other monomers and is consistent 
with the notion that dimerization occurs very rapidly after 
monomer production. In this view, a monomer is most likely to 
associate with the nearest monomer available in the region of 
its synthesis, i.e., those translated from the same polysome. In 
the extreme case, dimers may form cotxanslau'onaUy between 
adjacent, nascent core polypeptides still tethered to the elon- 
gftag nbosome. This may account for the absence of detect- 
able monomers in the oocyte assembly system (20). Once 
formed, dimers are free to diffuse and associate with other 
dimers. 

We do not know if this cis preference operates in mamma- 
lian cells, but this seems likely to be so. Our results in the 
mammalian two-hybrid system certainly do not exclude this 
possibility. Since GA1A binds to DNA as a dimer (12), it is 
likely that the GAL4-core fusion proteins active in this assay 
are themselves diraeric and that all C-C interactions being 
detected in this system thus involve homodimers of C proteins. 
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